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Abstract 
An approach based on finite-element (FE) simulations of the crack propagation process is used to determine fracture mechanical 
properties on sub-size specimens. The objective is to establish small size testing technology for the determination of fracture 
mechanical properties. The applicability of the evaluation procedure is verified on the ferritic-martensitic steel T91. In this 
approach the fracture process is described by using a cohesive zone model (CZM). The CZM model needs two parameters to be 
identified on sub-size specimens.  
The geometry of sub-size three point bending specimen is 27x3x4 mm³ with side grooves. To identify both parameters another 
experimental test on notched sub-size tensile specimens is required. After parameter identification on sub-size specimens 
simulation of a standard-size specimen is performed using the same cohesive zone parameters to predict the J-R curve of the
standard-size specimen. 
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1. Introduction 
Special standard specifications are used to determine crack resistance curves (J-R curves) for ductile or fracture 
toughness for brittle fracture (ASTM E1820, E399). According to these standards, requirements regarding to 
specimen size are necessary for testing. In some cases the requirements cannot be fulfilled e.g. irradiated specimens 
or limited availability of material. Therefore an approach based on FE simulations on sub-size specimens will be 
presented within this paper, which is able to predict the crack resistance curve of standard-size specimen. The 
approach is based on two experimental tests to identify the two parameters of the cohesive zone model. The 
verification of this approach is shown on the reduced activated ferritic-martensitic steel T91. 
The cohesive zone model implemented as a user element for ABAQUS by Scheider (2006) uses a traction 
separation law (TSL) with two addition shape parameters to define its shape. The main parameters of the separation 
law are the so called cohesive stress σc and the critical separation δc. The user element provides the use of triaxiality 
dependent cohesive zone parameters which will be used later to describe the variation of stress states in different 
specimen types and loading conditions. 
Nomenclature 
σc cohesive stress  
δc  critical separation 
Гc cohesive energy 
Ji J-integral at crack initiation 
h triaxiality 
W specimen height 
B specimen thickness 
D specimen diameter 
2. Approach 
This approach uses sub-size specimens for the determination of the J-R curve, which are not in agreement with 
the size requirements in the standard, ASTM E1820 (2011). The idea is to test non-standard specimen sizes and use 
the finite element method with a cohesive zone model to describe the fracture process. The goal is to identify the 
cohesive zone parameters on sub-size specimens and use them later for simulation on standard-size specimens. For 
the identification of the two cohesive zone parameters on sub-size specimens two types of experiments are 
necessary. 
The first of the two parameters, called cohesive stress σc, is identified by a hybrid technique on notched tensile 
specimens using experimental and FE data to identify the local maximum stress at fracture, Cornec et al. (2006). 
This value can be treated as the cohesive stress. A sharp U-notched specimen with a notch radius of 0.1 mm is 
necessary to obtain a stress triaxiality constrain which is in the same range of a pre-cracked fracture mechanical 
specimen. Nevertheless further adjustment regarding to stress triaxiality of the fracture mechanical specimen is 
necessary which will be shown later. The critical separation δc, which is the second cohesive zone parameter, is 
identified by fitting simulated three point bending test to experimental ones with focus on force-deflection and the J-
R curve. As mentioned in Brocks et al. (2013) it is not sufficient to look only on force-deflection or the J-R curve for 
cohesive zone parameter fitting. The critical separation can be correlated to the energy at crack initiation Гc and 
treated to be equal to J-integral at crack initiation Ji, Scheider (2006). 
After the identification of the cohesive zone parameters on sub-size specimens this data set can be used to 
simulate a standard-size specimen to predict the J-R curve of the material in agreement with the standard. 
3. Experimental tests on sub-size specimens 
The test material is the ferritic-martensitic steel T91 (Grade 91 class 2 / S50460) according to ASTM A387 and 
characterized by van den Bosch et al. (2005). The steel was normalized at 1050°C for 15 minutes and tempered at 
770°C for 45 minutes. The test samples were cut from a 15 mm thick plate. All mentioned T91 specimens have been 
tested at room temperature to reduce validation errors. In addition to the two already mentioned experimental tests a 
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uniaxial true stress curve has to be determined on tensile specimens for later FE simulations. Tensile tests have been 
performed on specimens with gauge length of 5 mm and diameter D of about 2 mm at a loading rate of 0.002 mm/s. 
During the experiment force and cross head displacement were measured. Pictures were recorded to observe the 
necking region. A MATLAB script was used to fit the specimen contour with a spline for the determination of 
minimum diameter and curvature during necking. Using this quantities the curve of average true stress, calculated as 
force divided by actual cross sectional area, vs. average true strain, calculated as natural logarithm of initial divided 
by actual cross sectional area, was corrected due to bridgman correction to get a triaxiality corrected true stress vs. 
true strain curve, see Bridgman (1952). The uniaxial stress curve shows a more or less linear hardening behaviour 
which can later be approximated with a multi-linear hardening for the FE material data input. The next two 
paragraphs present the results of the two types of tests performed for the identification of the cohesive zone 
parameters. 
3.1. Tensile tests on notched specimens 
The cohesive stress determination is based on a notched tensile test. Sharp and deep notched specimens have 
been used to enforce a stress triaxiality which is in the range of a pre-cracked specimen. This is in contrast to 
literature where smooth notch radii are used, Cornec (2003). 
The total specimen length is 27 mm with a diameter D of 2.5 mm and a circumferential u-shaped notch with a 
radius of 0.1 mm in the center of the specimen. The notch root diameter Droot is 1.5 mm. The notch was 
manufactured by wire cutting. The loading rate is 0.002 mm/s. During the experiment force, cross head 
displacement and images have been recorded, fig. 1 b). The calculated average true stress vs. average true strain 
curves of four tested specimens are shown in fig. 1 a). The average stress is calculated as force over reduction of 
area. The average strain is calculated based on diameter reduction. The current diameter was determined with image 
correlation and is shown in fig. 1 c).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Force vs. displacement; (b) Recorded images, (c) Diameter reduction vs. images. 
The average fracture strain is later used as stop criterion for the finite element simulation of this experimental 
test (see chapter 4.1), to determine the local maximum stress for this deformation state. This stress corresponds to 
the cohesive stress. 
3.2. Fracture mechanical three point bending tests 
The second type of test, necessary for this approach, is a fracture mechanical three point bending test to 
determine the J-R curve according to ASTM E1820 (2011). For later comparison with finite element simulations the 
multi specimen method is used. This method allows to compare the physically measured crack length for a given 
loading condition with the simulation result. 
The specimen geometry is 27x3x4 mm (LxBxW) with a span length of 25 mm. The specimens are fatigue pre-
cracked in a resonant testing machine. A low pre-crack ratio of 0.25 is used because of the limited specimen height 
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regarding to possible crack extension. All specimens are 0.33 mm side grooved from each side after pre-cracking 
with a flank angle of 45°. The loading rate is 0.002 mm/s. The machine stiffness corrected force vs. deflection 
curves for the nine tested specimens are shown in Fig. 2a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Force vs. displacement; (b) J-R curve, (c) Fracture surfaces. 
Every specimen was loaded to a defined deflection (X in fig. 2a)) and heat tinted in a furnace after unloading the 
specimen. To analyze the crack length the specimens were broken in liquid nitrogen to get a brittle residual fracture 
surface, fig. 2 c). The crack length was measured according to the 9 point average method mentioned in ASTM 
E399 (2012). The J- Integral calculation is based on ASTM E1820 (2011) Appendix A1 for multi specimen testing; 
fig. 2 b). 
4. Simulations on sub-size specimens 
The simulations have been performed with ABAQUS using an elastic-plastic material model for all continuum 
elements with multilinear hardening and viscous stabilization. For fracture mechanical simulations the mentioned 
cohesive zone user element with its two parameters for the TSL is used. 
4.1. Simulation results on notched tensile specimen 
Based on the experimental data on notched tensile specimens the average true fracture strain is known. An 
axisymmetric finite element model of the test specimen has been simulated up to onset of fracture, fig. 3 a).  
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Average true stress vs. average true strain; (b) Local stress vs. position, (c) Local stress vs. triaxiality. 
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The local stress between the notch root of the specimen and the specimen center is analyzed at this deformation 
state. The local maximum axial stress of 2195 MPa in fig. 3 b) will be used as one of the two cohesive zone 
parameters, the cohesive stress. The notch leads to a multi-axial stress in the specimen and should be in the range of 
a pre-cracked one, because of the sharp notch. The local maximum stress between the specimen center and the notch 
root vs. triaxiality is shown in fig 3.c) at the onset of fracture. The local maximum stress corresponds to a triaxiality 
of ~ 1.92 and will be compared to a pre-cracked fracture mechanical specimen’s triaxiality in chapter 4.2. 
4.2. Simulation of fracture mechanical three point bending test 
A quarter simulation model, due to symmetry of the three point bend specimen, is modeled with ABAQUS using 
four node solid continuum elements and the cohesive zone user elements within the Mode I crack propagation 
direction. For the cohesive zone model the determined cohesive stress σc of 2200 MPa is used. The additional shape 
parameters for the traction separation law are set to δ1 = 0.01 and δ2 = 0.1. 
Based on the approach, the second cohesive zone parameter (critical separation δc or critical cohesive energy Гc) 
shall be determined by fitting of simulation to experiment. 
With this triaxiality independent cohesive stress it was not possible to fit the simulation data to the experiment. 
Looking into the stress state of the pre-cracked three point bending specimen shows the reason why. The stress 
triaxialities in notched tension specimen and in pre-cracked three point bending specimen are different. The sub-size 
bending specimen simulation without CZM reaches a maximum triaxiality of 2.36 in the specimen center (plane 
strain). The simulation of a standard-size specimen e.g. 10x10x50 mm (LxBxW) with side grooves shows a 
triaxiality of 2.6 in specimen center. Due to different stress triaxiality it seems to be apparent, that a fitting of 
simulation and experiment is difficult without considering stress triaxiality in the CZM. To use a stress triaxiality 
dependent cohesive stress in the cohesive zone model not only the one data point σc (1.9) = 2195 MPa in fig. 3c) is 
used, but also the whole curve σc(h) which was fitted with a quadratic function for extrapolation to higher 
triaxialities. The cohesive zone model implemented by Scheider (2006) is able to use tabular stress triaxiality data. 
Considering stress triaxiality yields good description of the fracture process for a triaxiality independent cohesive 
energy Гc of 12 N/mm, see fig. 4 a), b). The simulated force vs. deflection curve as well as the J-R curve are in good 
agreement with the experimental ones. 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Force vs. deflection; (b) J-R curve, (c) Visualization of crack propagation 
The cohesive zone parameters are successfully determined on sub-size specimens with consideration of stress 
triaxiality. The cohesive energy as one of the two cohesive zone parameters is in that case independent of triaxiality 
and it can be treated as a material property. 
5. Simulation on standard-size specimen 
Now fracture mechanical test on standard-size three point bending specimen with geometry of 10x10x50 mm³ is 
simulated. The span width is 40 mm, the pre-crack ratio 0.55 with side grooves of 1 mm depth from each side and a 
flank angle of 45°. The simulation is performed in the same way and with the same material properties as the sub-
1.5 mm 
a) c) b) 
0.5 mm 2.5 mm deflection 
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size specimen. To verify the predicted J-R curve a comparison with experimental data found in literature, Chaouadi 
(2005) is shown in fig. 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) J-R curve standard-size specimen, (b) Visualization of crack propagation 
The green dots correspond to the experimental data points and the green line shows the predicted J-R curve from 
the performed simulation. The simulated curve is in excellent agreement with the experimental data set which was 
measured by Chaouadi (2005) on T91. 
6. Conclusions 
The approach is based on the idea, that the cohesive zone parameters can be determined independent of specimen 
geometry. Within this paper it was shown, that stress triaxiality dependent cohesive zone parameters are necessary 
to describe the fracture process in the sub-size specimen. The tensile test on sub-size notched specimens plays a 
major role in that case to determine the stress triaxiality dependent cohesive stress. The fracture mechanical three 
point bending test on sub-size specimens identifies the cohesive energy which can be treated as a material property, 
because of its independence of triaxiality. 
It has been shown, that the transferability of the cohesive zone parameters to a standard-size specimen is given. 
This approach is able to predict a J-R curve which is in agreement with the requirements acc. to ASTM E1820, 
because the geometry dependence is covered by the finite element method. In the future more standard-size 
specimen geometries will be simulated and compared to experimental results at room temperature. After all room 
temperature study is finished, future focus will be on low temperature behavior at -150°C to simulate brittle fracture 
with this approach as well in accordance to the given standard ASTM E399. 
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